IMMUTANS (IM) encodes a thylakoid membrane protein that has been hypothesized to act as a terminal oxidase that couples the reduction of O 2 to the oxidation of the plastoquinone (PQ) pool of the photosynthetic electron transport chain. Because IM shares sequence similarity to the stress-induced mitochondrial alternative oxidase (AOX), it has been suggested that the protein encoded by IM acts as a safety valve during the generation of excess photosynthetically generated electrons. We combined in vivo chlorophyll fluorescence quenching analyses with measurements of the redox state of P 700 to assess the capacity of IM to compete with photosystem I for intersystem electrons during steady-state photosynthesis in Arabidopsis (Arabidopsis thaliana).
Plants with a variegated phenotype display distinct color variation in their vegetative organs, the most common of which being leaves with distinct green/ white sectoring (Kirk and Tilney-Bassett, 1978; Rodermel, 2002) . Whereas cells in the green sectors contain essentially normal chloroplasts, cells in the white sectors have plastids that are deficient in chlorophyll (Chl) and/or carotenoids (Rodermel, 2001 (Rodermel, , 2002 . The variegated phenotype is most often the result of mutations to distinct genes of either the nuclear or organellar genomes (Tilney-Bassett, 1975) and include the maize (Zea mays) nonchromosomal stripe (ncs) and iojap, as well as Arabidopsis (Arabidopsis thaliana) mutants, chloroplast mutator (chm), pale cress (pac), var1 and var2, cab underexpressed (cue1), and immutans (im; for review, see Rodermel, 2002) .
The im mutant was isolated and initially characterized nearly 40 years ago by Rédei and coworkers, who showed that im is the result of a recessive mutation to a nuclear gene and that the resulting variegated phenotype is exacerbated by exposure to elevated temperatures and high light intensities (Rédei, 1963 (Rédei, , 1975 Röbbelen, 1968; Wetzel et al., 1994) . More recently, Wetzel et al. (1994) found that whereas the green sectors contain the normal allotment of Chls and colored carotenoids, the white sectors showed an accumulation of the colorless carotenoid phytoene, the precursor of the major colored carotenoids. The white sectoring seen when plants are grown under moderate to high irradiance is thus presumed to be the result of the photooxidation of Chl due to the absence of protective carotenoids. Evidence suggests that the IM protein plays a critical role in the desaturation reaction required to convert phytoene into photoprotective carotenoids (Wetzel et al., 1994) . Briefly, the desaturation reaction is thought to require the donation of electrons to the plastoquinone (PQ) pool (Norris et al., 1995) , a component of the photosynthetic intersystem electron transport chain within the thylakoid membrane. Evidence suggests that subsequent oxidation of PQ involves IM, which acts as a plastid quinol oxidase (Carol et al., 1999; Wu et al., 1999) . It follows that the lack of this oxidase in im plants results in the overreduction of PQ, leading to the inhibition of phytoene desaturation. This in turn would lead to phytoene accumulation, Chl photooxidation, and the appearance of white sectors (Wu et al., 1999) . Consistent with the notion that white sectoring is triggered by photooxidation is that leaves of im plants are almost indistinguishable from the wild type when plants are grown under low light conditions (Rédei 1963; Wetzel et al., 1994; Aluru and Rodermel, 2004) .
In addition to its role in carotenoid biosynthesis, recent in vitro and in vivo evidence indicates that IM may be the sought-after plastid terminal oxidase involved in chlororespiration (Cournac et al., 2000b; Josse et al., 2000 Josse et al., , 2003 Joët et al., 2002; Peltier and Cournac, 2002; Fu et al., 2005) . Bennoun (1982) proposed that, in the dark, reducing equivalents from a stromal pool of NAD(P)H reduces PQ, which is mediated by a NAD(P)H dehydrogenase. Subsequent oxidation of PQ is thought to require the action of IM. The recent identification of a chloroplastic NAD(P)H dehydrogenase complex (Ohyama et al., 1986 (Ohyama et al., , 1988 Guedeney et al., 1996; Sazanov et al., 1996; Burrows et al., 1998; Field et al., 1998; Casano et al., 2000; Horvath et al., 2000) as well as immunological evidence that IM is localized in the stromal lamellae of the thylakoid membrane (Joët et al., 2002; Lennon et al., 2003) have supplied molecular evidence for the existence of a chlororespiratory pathway (Carol et al., 1999; Wu et al., 1999; Cournac et al., 2000a Cournac et al., , 2000b Cournac et al., , 2002 Carol and Kuntz, 2001; Joët et al., 2002) .
IM shows clear sequence similarity to the alternative oxidase (AOX) of the respiratory chain of plant mitochondria, with both proteins being nonheme di-iron carboxylate proteins (Carol et al., 1999; Wu et al., 1999) . AOX constitutes the alternative pathway of mitochondrial electron transport, which can be differentiated from the ubiquitous cytochrome pathway by the fact that it is insensitive to cyanide, but rather is inhibited by salicylhydroxamic acid and n-propyl gallate. During alternative pathway respiration, AOX accepts electrons directly from reduced ubiquinone, bypassing the respiratory complexes involved in proton translocation. Because of this, alternative pathway respiration does not contribute to the transmembrane pH gradient used to synthesize ATP. Instead, evidence suggests that, by providing a second pathway of electron flow, the alternative pathway and AOX may serve to prevent the overreduction of electron transport components, which may occur in response to environmental stress (Vanlerberghe and McIntosh, 1997; Maxwell et al., 1999) and which would exacerbate the formation of damaging reactive oxygen species (Møller, 2001; Moore et al., 2002) . Similarly to AOX, IM has also been shown to be inhibited by n-propyl gallate (Cournac et al., 2000b; Josse et al., 2000) , and it has been hypothesized that IM may be functionally analogous to AOX and serve to keep the photosynthetic electron transport chain relatively oxidized. Exposure of plants to excess irradiation may result in overreduction of electron transport components and may lead to photoinhibition of PSII, which, if not prevented, would result in decreased energy transformation and ultimately a decrease in plant biomass. Increased IM activity under conditions of high light thus may act as a safety valve for excess electrons, preventing the overreduction of the photosynthetic electron transport chain (Niyogi, 2000) and thereby minimizing the aberrant formation of potentially destructive reactive oxygen species within the chloroplast (Melis, 1999; Niyogi, 2000) .
Recently, Streb et al. (2005) reported that, compared with other alpine plant species, Ranunculus glacialis acclimated to high light and low temperature exhibited increased levels of IM, which was correlated with a more oxidized electron transport chain as reflected by a lower measure of excitation pressure (EP). Whereas this finding lends support to the hypothesis that IM may serve to keep the photosynthetic electron transport chain more oxidized under environmental stress, direct experimental evidence by measuring the redox state of intersystem electron transport and the redox state of PSI are required to confirm such a role. Using wild-type and im plants as well as transgenics in which IM has been overexpressed six (OE-6 3) and 16 (OE-16 3) times, we have directly tested this hypothesis by making measurements of Chl a fluorescence as well as measurements of PSI reoxidation kinetics during steady-state photosynthesis using fully expanded all-green leaves of Arabidopsis grown under strictly controlled conditions. We examined the extent to which IM could compete with PSI for photosynthetically generated electrons under controlled growth conditions as well as following a 3-d cold stress period. We hypothesized that plants in which IM has been overexpressed should exhibit increased alternative electron sink capacity, directly competing with PSI for intersystem electrons in comparison to the wild type, and be more resistant to high light-induced photoinhibition. Conversely, plants lacking IM (im) should show greater sensitivity to photoinhibition due to having a more reduced intersystem PQ pool and a lower capacity to keep P 700 oxidized.
RESULTS

Plant Phenotype
Previous reports investigating the consequence of mutations to IM have compared all green wild-type plants with im plants that display the variegated phenotype (Aluru and Rodermel, 2004; Baerr et al., 2005 (Fig. 1 ). When grown under the same conditions, which suppressed the variegation of im plants, minimal differences where observed in overall morphology (Fig. 2 ). Plants were similar in size and exhibited minimal differences in total Chl per leaf area compared with the wild type (Fig. 2) . Separation of Chl-protein complexes by nondenaturing SDS-PAGE indicated no significant differences in the complement of thylakoid pigmentprotein complexes (data not shown) among the four genotypes, which is consistent with the fact that all lines exhibited similar ratios of Chl a/b ( Fig. 2 ; 25/ 150).
Plant Genotype
Expression of IM transcript and polypeptide abundance in the four different genotypes was confirmed using RNA-blot analysis and immunoblotting utilizing a polyclonal antibody raised against IM (Rizhsky et al., 2002) . Compared to the wild type, the two overexpressing lines had greater IM transcript abundance (Fig. 3A) , which correlated with a 6-and 16-fold increase in protein abundance (Fig. 3B) . Furthermore, neither the IM transcripts (Fig. 3A) nor polypeptides (Fig. 3B) were detected in the all-green leaves of im plants. In addition, because IM is a thylakoid membrane protein, the relative abundance of specific polypeptides associated with PSI (PsaA), the NAD(P)H dehydrogenase complex (H subunit), PSII (PsbA), the cytochrome b 6 f (Cyt f) complex, and the major lightharvesting polypeptides associated with PSII (Lhcb2) and PSI (Lhca1) were examined to determine whether the various genotypes exhibited any other major differences in the stoichiometry of these photosynthetic components (Fig. 3C ). Minimal differences were observed in the relative abundance of these components of the photosynthetic apparatus in OE-6 3 and OE-16 3, as well as im compared to the wild type (Fig. 3C) .
In vivo Chl a fluorescence was used to assess PSII function. All genotypes grown at 25/150 possessed a similar maximal PSII photochemical efficiency (F v /F m ) of approximately 0.784 (Table I) . A second independent measure of PSII photochemistry, thermoluminescence, indicated no significant differences in the peak emission temperatures for either the B-band (29.3°C 6 1.0°C) or the Q-band (13.3°C 6 0.8°C) in all genotypes tested. These measurements show that alterations to IM through mutation or overexpression had little effect on PSII photochemistry. EP, measured as 1 2 photochemical quenching using the puddle model (qP), is a measure of the relative reduction state of quinone A (Q A ), the first stable quinone acceptor in PSII reaction centers (Dietz et al., 1985; Hü ner et al., 1998 Hü ner et al., , 2003 Kramer et al., 2004) , and reflects the overall reduction state of the electron transport chain. Whereas both overexpressing lines showed a 23% (OE-6 3) and a 53% (OE-16 3) higher EP compared to the wild type (Table I) , it was interesting to find that im plants exhibited an EP that was approximately 26% lower than wild-type plants (Table I) . However, none of the differences in EP between the genotypes tested was statistically significant. Similar trends were observed when EP was calculated using the more recently derived parameter, 1 2 photochemical quenching using the lake model (qL ; Table I ).
To assess potential functional differences in photosynthetic intersystem electron transport among the genotypes, the oxidation-reduction of P 700 was monitored by measuring the absorbance change at 820 nm (DA 820 /A 820 ), which was normalized on a total Chl per leaf area basis (Mi et al., 1992a; Asada et al., 1993; Morgan-Kiss et al., 2001) . Upon exposure to far-red (FR) light, wild-type leaves exhibited a rapid change in DA 820 /A 820 , indicating oxidation of P 700 (Fig. 4A) . P 1 700 was transiently reduced with either a saturating, single-turnover (ST) flash or a saturating, multipleturnover (MT) flash of white light in the presence of background FR light (Fig. 4A ). When the FR light was turned off, P 1 700 was completely reduced to P 700 (Fig.  4A ). In the presence of 3-(3#, 4#-dichlorophenyl)-1,1-dimethylurea (DCMU; Fig. 4B ), which inhibits PSII at the quinone B (Q B ) binding site, the ST and MT flashes did not cause any transient reduction of P 1 700 even though the extent of the DA 820 /A 820 signal was unchanged. However, in the presence of DCMU, stromal electron donation to the PQ pool could still contribute to the reduction of P 1 700 . 2,5-Dibromo-3-methyl-6-isopropylbenzoquinone (DBMIB) inhibits intersystem electron transport after the PQ pool at the Cyt f complex. Thus, the maximal DA 820 /A 820 signal under our measuring conditions would be expected in the presence of DBMIB. Figure 4C illustrates that, as expected, DBMIB inhibited the transient reduction of P 700 1 by the ST and MT flashes. However, the extent of the DA 820 /A 820 signal in the presence of DBMIB ( Fig. 4C ) was 24% greater than either that of the control (Fig. 4A ) or that observed in the presence of DCMU (Fig. 4B ). This confirms that monitoring the redox state of P 700 is a valid measure of intersystem electron , and Chl a/b ratios of different plant genotypes of Arabidopsis ecotype Columbia. Wild type (WT), OE-6 3, OE-16 3, and an all-green sectored knockout mutant (im) are shown. All plant genotypes were grown at 25°C at an irradiance of 150 mmol photons m 22 s 21 (25/150). Cold-stressed plants were shifted from 25°C to 5°C for an additional 3 d at the same irradiance (5/150). All plants were grown under an 8/ 16-h day/night cycle to prevent flowering. Photographs illustrate plants that were grown at 25°C. Letters represent significance between means for leaves grown at 25°C and symbols represent significance between means for leaves that were cold stressed at the 95% confidence interval. Figure 3 . IM gene expression and protein abundance. mRNA expression of IM (A) relative abundance and of IM protein (B) and immunoblots of polypeptides of the major photosynthetic complexes of isolated thylakoid membranes (C) were performed on leaves obtained from the wild type (WT), OE-6 3 and OE-16 3, and knockout mutant (im) of Arabidopsis. The RNA gel was stained with ethidium bromide to show rRNA and demonstrate equal loading (A). Solubilized thylakoid membranes were loaded equally with 5 mg Chl/lane. Immunoblots were probed using polyclonal antibodies raised against PsaA, H subunit of the NAD(P)H complex, D1, Cyt f, and Lhcb2 and Lhca1. transport and that PSII contributed minimally to the DA 820 /A 820 signal in leaves of Arabidopsis.
Traces for the oxidation of P 700 obtained for OE-6 3 and OE-16 3 as well as im were qualitatively similar to those obtained for the wild type (data not shown). Overexpression of IM, which was postulated to compete for electrons with PSI, did result in significant differences in the extent of the DA 820 /A 820 signal compared to the wild type, where OE-16 3 exhibited a 14% increase in the extent of the oxidation of P 700 1 , when plants were grown at 25°C and PPFD of 150 mmol photons m 22 s 21 (Fig. 4D) . However, OE-6 3 was not statistically different compared with the wild type in the extent of the DA 820 /A 820 signal (Fig.  4D) . Unexpectedly, the DA 820 /A 820 signal in im was 7% more oxidized than the wild type; considering that these plants lack this oxidase, there should have been a more reduced P 700 pool (Fig. 4D) . Furthermore, the number of electrons stored in the intersystem electron transport chain (e 2 /P 700 ) was measured as the ratio of MT to ST. Calculated e 2 /P 700 ranged from 8.6 to 11.1, with no statistical differences between all genotypes tested. These data for e 2 /P 700 were supported by independent measurements of the transient rise in F o fluorescence after a transition from light to dark during steady-state photosynthesis. No differences in the extent of the transient rise in F o fluorescence was observed between any of the genotypes tested (data not shown), indicating a comparable reduction state of the intersystem PQ pool (Mills et al., 1979; Endo et al., 1997; Corneille et al., 1998) .
Photoinhibition and Recovery of PSII and PSI
To assess the sensitivity of the four genotypes to photoinhibition of PSII, F v /F m was measured in plants exposed to the photoinhibitory treatment of 1,200 mmol photons m 22 s 21 at 5°C (Fig. 5 ). Prior to photoinhibition, the F v /F m was approximately 0.80 for all genotypes examined (Fig. 5 ) and, after 4 h, all genotypes were photoinhibited approximately to the same extent (Fig. 5) . Subsequent recovery from photoinhibition by exposure of plants for 8 h at 25°C and low light (PPFD of 20 mmol photons m 22 s 21 ; Fig. 5 ) resulted in nearly 95% recovery of PSII photochemistry in all genotypes. Therefore, we conclude that either the presence or absence of IM has minimal effects on the sensitivity of Arabidopsis to photoinhibition of PSII.
Whereas PSII is considered the main target of photoinhibition, PSI has also been shown to be susceptible to photoinactivation (Ivanov et al., 1998; Terashima et al., 1998; Scheller and Haldrup, 2005) . Thus, we also assessed the sensitivity of PSI to photoinhibition in im versus wild-type plants (Fig. 6) under the same conditions used for the photoinhibition and recovery of PSII. The extent of the DA 820 /A 820 signal prior to photoinhibition of the wild type (Fig. 6A) decreased by 56% after 4 h of photoinhibition (Fig. 6B) , indicating that PSI in wild-type Arabidopsis is sensitive to photoinhibition. A comparison of the kinetics for photoinhibition and recovery of PSI in the wild type and im indicated that PSI in the wild type was more sensitive to photoinhibition than PSI in im (Fig. 6C) , contrary to expectations. Both the wild type and im exhibited the capacity to recover from photoinhibition of PSI (Fig. 6C) .
Cold Stress
It has been reported that cold acclimation of R. glacialis enhances the accumulation of IM, which may provide protection of these alpine plants from photoinhibition (Streb et al., 2005) . To test this in Arabidopsis, all genotypes were shifted to the cold at 5°C and PPFD of 150 mmol photons m 22 s 21 (5/150) for 3 d (Fig. 1) . No phenotypic differences between genotypes shifted to 5/150 were observed as reflected in minimal differences in Chl per leaf area and Chl a/b ratios (Fig. 2) . Upon exposure to cold stress, the wild type and OE-16 3 exhibited no statistical differences in F v /F m , whereas the knockout mutant exhibited a lower F v /F m (0.71; Table I ). As shown in Table I , OE-6X 3 and OE-16 3 plants grown at 5/150 exhibited higher EP to that of the same plants grown at 25/150, and the values were even higher than coldstressed wild-type plants. Similar trends were observed when EP was calculated as 1 2 qL (Table I) . Contrary to expectations, the EP of cold-stressed im plants was not significantly different from those of wild-type plants (Table I) . Upon exposure to cold stress, both OE-6 3 and OE-16 3 exhibited a similar DA 820 /A 820 signal as the wild type (Fig. 4E) . The DA 820 /A 820 of cold-stressed im plants was also similar to both overexpression lines as well as the wild type (Fig. 4E) . Furthermore, based on the ratio of MT to ST flashes, e 2 /P 700 increased in all genotypes tested upon cold acclimation and varied from 15.0 to 19.4, which was not statistically different at the 95% confidence interval and no obvious trends were observed between any of the genotypes. In addition to cold stress, leaves of the wild type, OE-6 3 , OE-16 3 , and im plants, fully expanded at 5/150, exhibited no significant differences with respect to EP, DA 820 /A 820 signal, or e 2 /P 700 (data not shown).
Expression of AOX1a and IM
It has been reported that IM displays sequence similarity with AOX, a family of nuclear genes that encode mitochondrial AOX (Carol et al., 1999; Wu et al., 1999) . Because AOX transcript, AOX protein, and associated alternative pathway respiration have all been shown to be induced by a wide range of environmental stresses (see Vanlerberghe and McIntosh 1997; Maxwell et al., 1999) , it has been proposed that IM functions in a similar capacity within the photosynthetic electron transport chain (Aluru and Rodermel, 2004; Aluru et al., 2006) . To compare the extent to which AOX genes and IM are transcriptionally coregulated, expression levels of the major AOX gene from Arabidopsis, AOX1a, were compared to IM using previously published microarray data where wild-type Arabidopsis plants were subjected to various abiotic and hormone stresses. From the data presented in Figure 7A , the expression of IM does not correlate with the expression of AOX1a. Whereas AOX1a transcription abundance increased significantly under various abiotic stresses, such as H 2 O 2 , ozone, UV light, cold, and mannitol, as well as hormones such as abscisic acid and salicylic acid (Fig. 7A) , the transcript abundance of IM remained at or near control levels. Expression levels of AOX1a and IM were also compared under various stages of Arabidopsis development. In contrast to abiotic stress (Fig. 7A) , there did appear to be a correlation between AOX1a and IM expression during development of Arabidopsis (Fig. 7B) . Both AOX1a and IM exhibited Figure 4 . In vivo measurements of the relative redox state of P 700 . Detached plant leaves from wild type both untreated (A) and treated with the inhibitor DCMU (B) and treated with the inhibitor DBMIB (C) in Arabidopsis were dark adapted for 20 min prior to the measurement of the oxidation of P 700 . The steady-state oxidation of P 700 (DA 820 /A 820 ) was estimated for plants grown at 25°C (D) and 5°C (E) after the FR light was turned on (FR ON) and the P 700 transients were followed after application of the ST and MT flashes of white light. Letters represent statistically significant differences between means at the 95% confidence interval. increased gene expression in cauline leaves and sepals, as well as during leaf senescence (Fig. 7B) .
DISCUSSION
A large body of literature proposes models in which IM acts as a plastid terminal oxidase involved in the chlororespiratory pathway (Carol et al., 1999; Wu et al., 1999; Cournac et al., 2000a Cournac et al., , 2000b Cournac et al., , 2002 Josse et al., 2000 Josse et al., , 2003 Joët et al., 2002; Peltier and Cournac, 2002; Fu et al., 2005) . By analogy to the AOX of plant mitochondria, the role of the plastid terminal oxidase has been extended to photoprotection of PSII during steady-state photosynthesis by keeping the intersystem PQ pool oxidized under excess excitation (Niyogi, 2000; Streb et al. 2005) . If the proposed role of IM in photoprotection is correct, then its overexpression in transgenic plants should keep the PQ pool more oxidized than in the wild type, and, conversely, im plants should exhibit a greater reduction of the PQ pool than the wild type. A corollary to this hypothesis is that the overexpression of IM should increase the competition for intersystem electrons and thereby enhance the capacity to keep PSI more oxidized. Our results indicate that modulation of IM expression and IM polypeptide accumulation does not affect the flux of electrons through the photosynthetic intersystem electron transport chain during steady-state photosynthesis for the following reasons. First, both overexpressing lines exhibited higher excitation pressure than the wild type (Table I) . More important, im plants failed to exhibit the expected higher EP than the wild type, but instead exhibited a 23% lower EP as compared with the wild type (Table I) . Second, no significant differences were observed in either the intersystem electron pool size (e 2 /P 700 ) or the reduction state of the PQ pool estimated either as the transient rise in F o after a light-to-dark transition or as EP (Table I) . Third, either a 6-or a 16-fold increase in IM abundance (Fig. 3B) failed to enhance the capacity to keep P 700 in the oxidized state as compared with the knockout (Fig. 4, D and E) . Conversely, im plants that lack this protein (Fig. 3B) failed to exhibit the expected decrease in capacity to keep P 700 oxidized (Fig. 4, D and E) . Thus, we conclude that IM lacks the ability to compete with PSI for photosynthetically generated electrons during steady-state photosynthesis, which is consistent with our data indicating that the levels of IM are not correlated with the photoprotection of either PSII or PSI from photoinhibition (Figs. 6 and 7) . These results for the sensitivity of PSII to photoinhibition are consistent with those of Joët et al. (2002) and Baerr et al. (2005) .
Our functional data from in vivo experiments using two overexpressing lines and an IM mutant (im) in Arabidopsis support the conclusion of Ort and Baker (2002) that IM lacks the capacity to alter electron flux through the intersystem electron transport chain significantly during steady-state photosynthesis. As a consequence, IM cannot provide any significant photoprotection from excess light even when it is overexpressed 16-fold in plants grown either under control (25/150) or cold stress by a sudden shift from 25/150 to 5/150 or after cold acclimation.
Recently, Streb et al. (2005) , investigating a highmountain plant species, R. glacialis, acclimated to high light and low temperature, found that compared with other alpine species it had greater IM protein abundance, which was correlated with having lower EP. The authors suggested that IM provides enhanced photoprotection through its capacity to keep the PQ pool oxidized. Data from our in vivo experiments where we genetically manipulated IM levels (Fig. 3 ) from complete absence (im) to 16-fold higher (OE-16 3) than the wild type do not support this conclusion. We believe that this discrepancy can best be explained by the fact that acclimation to low temperature can significantly enhance the photosynthetic capacity in many cold-tolerant herbaceous plants, such as rye (Secale cereale), wheat (Triticum aestivum; Gray et al., 1996; Savitch et al., 2002) , Arabidopsis (Savitch et al., 2001) , and Brassica napus (Savitch et al., 2005) , which would prevent overreduction of the electron transport chain independent of IM abundance. Furthermore, acclimation to high light has been shown to enhance the Mehler reaction in wheat (Savitch et al., 2000) , an alternative method of keeping the electron transport chain oxidized. Thus, given the wide array of acclimatory strategies that prevent overreduction of electron transport, the higher levels of IM and the lower EP reported for cold-acclimated R. glacialis may not reflect a cause-and-effect relationship, but rather a simple correlation.
How can im plants exhibit the tendency to keep PSII more oxidized than either the wild type or the two overexpressors (Table I) ? Because im plants grown under the specific conditions described here exhibit no obvious phenotype (Fig. 2) , we suggest that this may be due to the fact that inactivating IM has induced the expression and biosynthesis of yet another plastoquinol oxidase in the chloroplast, which is more effective than IM. Several authors have concluded that a cyanide-sensitive chloroplast oxidase (Buchel and Garab, 1995; Lajko et al., 1997; Joët et al., 2002) and a thylakoid hydroquinone peroxidase may be involved in the oxidation of the PQ pool (Casano et al., 2000) . Alternatively, im may be able to keep PSII more oxidized as compared to the wild type due to an up-regulation of the metabolic electron sink capacity at the acceptor side of PSI. Upon investigating the rates of photosynthesis in green-leaf sectors compared with white-leaf sectors in im variegated leaves, Aluru et al. (2001) reported that the green-leaf sectors have increased rates of photosynthesis relative to the wild type to compensate for a lack of photosynthesis in the whiteleaf sectors. Therefore, the lack of phenotype in im plants may be caused by functional redundancy due to the ability of networks to buffer the effects of perturbations by related pathways (Cutler and McCourt, 2005) . Our analyses indicate that extreme caution must be exercised in the interpretation of experimental results for the role of IM based solely on either expression levels or immunoblotting without concomitant functional measurements. We show that even large changes in either gene expression or protein accumulation are not necessarily associated with any enhancement in the proposed function of IM as a plastid terminal oxidase during steady-state photosynthesis.
Because IM shows sequence homology with AOX (Carol et al., 1999; Wu et al., 1999) , it has been suggested that IM is a stress-induced protein related to oxidative stress (Aluru et al., 2001 (Aluru et al., , 2006 Aluru and Rodermel, 2004; Mittler et al., 2004) . AOX1a has been previously reported as a stress-induced gene (Vanlerberghe and McIntosh, 1997; Maxwell et al., 1999; Molen et al., 2006) . However, we have shown through a direct comparison of IM to AOX1a that there is no correlation in gene expression between these two genes due to stress, including oxidative stress (Fig. 7A) . In contrast to environmental stress, IM does appear to be correlated to AOX1a expression during development, especially in cauline leaves and sepals (Fig. 7B) and during senescence, which has also been reported elsewhere (Aluru et al., 2001 ). We, therefore, conclude that IM expression is modulated minimally by abiotic stress, which is consistent with our in vivo functional measurements. However, IM expression is modulated in concert with AOX1a in response to development (Fig. 7B) . Consistent with previously published data (Wu et al., 1999; Aluru et al., 2001 Aluru et al., , 2006 , as well as preliminary results indicating the regulation of variegation by excitation pressure during the early stages of leaf development in im (D. Rosso, S.R. Rodermel, and N.P.A. Hü ner, unpublished data), we suggest that IM plays an important role in keeping the PQ pool oxidized during chloroplast biogenesis and the assembly of the photosynthetic apparatus. However, once chloroplast development is complete and photosynthetic competence is attained, IM has a minimal impact on the flux of electrons between PSII and PSI.
Thus, neither our in vivo functional measurements of photosynthetic intersystem electron transport nor our meta-analyses of Arabidopsis microarrays support the proposed analogous roles for IM and AOX as stress-induced safety valves during steady-state Figure 7 . A, Expression ratio of AOX1a (At3g22370) and IM (At4g22260) transcripts (log base 2) under different abiotic stresses and hormone treatments. H 2 O 2 , 100 mM hydrogen peroxide for 3 h; ozone, 200 ppb of ozone for 1 h; UVB, 15-min damaging UVB irradiation; salt, 150 mM NaCl; cold, 4°C shift from room temperature; mannitol, 300 mM mannitol; heat, 38°C shift from room temperature (0.25-3 h) and recovery after 3 h (4-24 h); ACC, 10 mM 1-aminocyclopropane-1-carboxylic acid (ethylene precursor); MeJas, 10 mM methyl jasmonate; ABA, 10 mM abscisic acid; SA, 10 mM salicylic acid. Times indicate hours after treatment initiation. Note significant up-regulation (1.5-fold stringent cutoff) of AOX1a in H 2 O 2 , ozone, 3-and 6-h UVB treatments, 12-and 24-h cold treatments, 6-, 12-, and 24-h mannitol treatments, and 3-h treatments in ABA and SA. IM showed no significant upregulation or down-regulation. B, Differential expression of AOX1a and IM transcripts in different tissues. Expression level based on MAS 5.0 scaling by NASC (see ''Materials and Methods'') to give relative expression level (100 units 5 genomic average). Roots, leaves, shoot apices and stems, flowers, siliques, and seeds in different developmental stages according to Boyes et al. (2001) and Schmid et al. (2005) . L, Leaf number (L1 5 first appearing leaf); d, days after germination; SA, shoot apex; YL, young leaves; *, significant tissue-specific expression especially in senescing and cauline leaves (AOX1a) and sepals (IM and AOX1a) with more than 2-fold increase in average. Expression was not significantly above background in seeds for IM (stages 8-10) and AOX1a (stages 6-10), and in shoot apices (AOX1a). Roots were collected from soil-grown (Soil) and one-half-strength Murashige and Skoog agar media (MS); note significant increase in AOX1a expression on MS media.
photosynthesis. Therefore, care must be exercised in the putative assignment of function based solely on DNA sequence analyses.
MATERIALS AND METHODS
Plant Growth
Arabidopsis (Arabidopsis thaliana ecotype Columbia) wild type, OE-6 3, and OE-16 3, as well as the im mutant of IM, were germinated and grown under controlled environmental conditions at 25°C with a PPFD of 5 mmol photons m 22 s 21 for 1 week. Plants were thinned to one plant per pot and grown under controlled environmental conditions at 25°C and with a PPFD of 50 mmol photons m 22 s 21 for an additional 4 weeks until the first rosette was fully developed (see Fig. 1 ). After the first rosette had developed, plants were shifted to 25°C with a PPFD of 150 mmol photons m 22 s 21 for an additional 40 d (Fig. 1) . All measurements were made on fully expanded leaves from the second rosette and all plants were kept under an 8-h photoperiod to prevent flowering. Plants were cold stressed by shifting them from 25/150 to 5/150 for 3 d prior to making measurements (Fig. 1) .
Total Chl per Leaf Area
Chl was extracted with buffered 80% (v/v) aqueous acetone containing 2.5 mM sodium phosphate buffer, pH 7.8, and measured by the method of Porra et al. (1989) . The absorbance was measured at 663.6 nm and 646.6 nm and corrected to 750 nm for light scattering in a Beckman DU-640 spectrophotometer (Beckman Coulter). Leaf area was measured with a LI-COR area meter (LI-3100C; LI-COR Biosciences).
Plasmid Constructs and Transformations
To generate IM overexpression plants, a full-length IM cDNA (Wu et al., 1999) was cloned in the Xho1 and Sst1 sites of the binary vector pBI121; the gene was driven by the cauliflower mosaic virus 35S promoter. The IM construct was transferred into Agrobacterium tumefaciens, and wild-type Arabidopsis (ecotype Columbia) plants were then transformed by the floraldip method (Clough and Bent, 1998) . Kanamycin-resistant plants were selected at the T 1 generation on plates containing 1 3 MS salts, 1% (v/v) Suc, 0.8% (v/v) agar, pH 5.7, with 50 mg/mL kanamycin. PCR and Southern blotting were performed to verify that the plants were transformed. RNA and protein analyses were performed using T 2 generation plants.
RNA Extraction and Gel-Blot Analysis
Total RNA was isolated from all genotypes of Arabidopsis using hot phenol followed by LiCl precipitation (Maxwell et al., 1999) . RNA was separated on 1.2% (w/v) agarose gels, with equal amounts of RNA per gel lane, containing formaldehyde and transferred to Hybond N membrane (Amersham-Pharmacia Biotech) as previously described (Maxwell et al., 1999) . Radiolabeled DNA probes were made using the high-prime labeling kit (Roche). The blots were probed with the full-length IM cDNA (Wu et al., 1999) .
Thylakoid Preparation and Immunoblotting
Thylakoid membranes were isolated according to the method of Harrison and Melis (1992) . Proteins were separated on 15% (w/v) SDS-PAGE in the presence of 6 M urea according to the method of Laemmli (1970) . Immunoblotting was performed by electrophoretically transferring the proteins from SDS-PAGE gel to a nitrocellulose membrane (Bio-Rad Laboratories). Immunodetection was performed using horseradish peroxidase-conjugated secondary antibodies (Sigma) and enhanced chemiluminescence according to the manufacturer (ECL; Amersham-Pharmacia Biotech). Proteins were immunodetected with specific polyclonal antibodies raised against the PsaA polypeptide of the PSI reaction center (1:1,000 dilution), the H subunit of the NAD(P)H dehydrogenase complex (1:500 dilution; D. Rumeau, unpublished data), D1 polypeptide of the PSII reaction center (1:1,000 dilution), Cyt f (1:1,000 dilution), Lhca1 and Lhcb2, respectively (1:1,000 dilution; Agri-sera), and IM (1:1,000 dilution).
Thylakoid Isolation and Pigment Protein Analysis
Leaf material was ground in cold isolation buffer (50 mM Tricine, 0.4 M sorbitol, 10 mM NaCl, 5 mM MgCl 2 hexahydrate, pH 7.8) in a mortar and pestle on ice, filtered through two layers of miracloth (typical pore size 22-25 mm; Calbiochem), and centrifuged for 5 min (5,000g). The pellet was either resuspended in isolation buffer for thermoluminescence measurements (as described above) or in cold 50 mM Tricine, pH 8.0, wash buffer before Chl determination in 80% (v/v) acetone according to Porra et al. (1989) .
Thylakoids were centrifuged at 10,000g for 5 min, solubilized in an SDS/ dodecylmaltoside (DM) buffer with a 20:1 (w/w) DM 1 SDS:Chl ratio (0.1% [w/v] SDS, 0.45% [w/v] DM, 0.3 M Tris, 13% [v/v] glycerol), and then centrifuged to remove the insoluble material. Separation of Chl proteins was undertaken by nondenaturing electrophoresis in a 5% to 10% (w/v) linear gradient polyacrylamide gel according to Laemmli (1970) , as modified by Komenda (2000) , where the gel contained no detergent and the SDS was replaced by 0.2% (v/v) Deriphat 160 in electrophoretic buffer. To determine relative band intensity, the green gels were scanned at 671 nm (DU-540; Beckman).
P 700 Photooxidation
The relative redox state of P 700 was estimated in vivo as DA 820 /A 820 using a PAM-101 modulated fluorometer (Heinz Walz) equipped with an ED-800DT emitter-detector and PAM-102 units, following the procedure of Schreiber et al. (1988) , as described by Ivanov et al. (1998) . FR light (lmax 5 715 nm, 10 W m 22 ; Schott filter RG 715) was provided by the FL-101 light source. MT (50 ms)
and ST half-peak width of 14-ms saturating flashes were applied with XMT-103 and XST-103 power/control units, respectively. Leaves were vacuum infiltrated with 20 mM DCMU in darkness. One-way ANOVA was performed to determine statistical significance between genotypes (P # 0.05) followed by a Bonferroni test to test for differences between group means at a 95% confidence interval (Microcal Origin 7.5; Origin Lab Corporation).
Chl a Fluorescence and Relative Redox State of Q A
Steady-state fluorescence measurements were made using a PAM Chl fluorometer (PAM-101, 103; Heinz Walz). Two Schott lamps (KL 1500) provided saturating flashes and actinic illumination for photosynthesis. Samples were dark adapted for 20 min prior to all measurements. Fluorescence parameters, such as the F v /F m , qP, qL, and quenching coefficient of the nonphotochemical quenching (qN), were calculated (Bradbury and Baker, 1981; Schreiber et al., 1986; van Kooten and Snell, 1990; Kramer et al., 2004) . A post hoc test followed by a Student-Newman-Keuls test was performed to determine statistical differences between means at a confidence interval of 95% (SPSS; Systat Software).
Photoinhibition and Recovery
Detached leaves were photoinhibited either at 25°C and PPFD of 500 mmol photons m 22 s 21 , or at 5°C and 1,200 mmol photons m 22 s 21 . Recovery from photoinhibition took place at 25°C with an irradiance of 20 mmol photons m 22 s 21 for an additional 8 h. Photoinhibition was measured as the decrease in F v /F m using a PAM fluorometer (PAM-103; Heinz Walz). A post hoc test followed by a Student-Newman-Keuls test was performed to determine statistical differences between means at a confidence interval of 95% (SPSS; Systat Software).
Microarray Expression Analysis
The microarray analysis followed Geisler- Lee et al. (2006) . Arabidopsis oligo microarray data were downloaded from the Nottingham Arabidopsis Stock Center (NASC; http://affymetrix.arabidopsis.info/narrays/ experimentbrowse.pl). Stress series and developmental series were provided by the AtGene Express project (http://www.uni-frankfurt.de/fb15/botanik/ mcb/AFGN/atgenex.htm). The oligo microarrays were based on unique oligonucleotides for the Arabidopsis genome, which did not cross-hybridize closely related genes. We totaled the Microarray Suite, version 5.1, (http:// www.affymetrix.com/products/software/specific/mas.affx), scaled and normalized signal values for AOX1a (At3g22370) and IM (At4g22260) genes, and then determined relative expression in different Arabidopsis tissue. AFGN
